Growth of Escherichia coli K-12 in a modified Davis minimal medium was inhibited under high osmolarity, but it recovered remarkably with the addition of 1 mM proline. The co-existence of K þ with proline enhanced the recovery of growth under high osmolarity more than that in the presence of proline alone. The same was true for the activities of respiration and glucose uptake. A similar supplementary effect of K þ was observed for the activities of proline uptake under high osmolarity. These results suggest that K þ and proline support not only growth but respiration and uptake of the respiratory substrate glucose in the cell cytoplasm when exposed to high osmolarity. External K þ almost disappeared with 1 h of incubation at low osmolarity, indicating that active accumulation of K þ in the cells occurred. On the other hand, a gradual accumulation of K þ was recognized at high osmolarity in the presence of 1 M NaCl, especially at >2 h of incubation. This study of L-[5-3 H]proline uptake in the cell cytoplasm indicates that proline was incorporated as a substrate of protein synthesis in the absence of NaCl, but was efficiently utilized as a compatible solute in the presence of high concentrations of NaCl.
Many species of bacteria respond to increase in osmotic pressure by accumulating osmoregulatory solutes, so called compatible solutes, up to high intracellular concentrations for coping with high external salinity. Such osmoregulatory solutes as K þ , glutamate, proline, ectoine, glycine betaine and so on in bacteria have been extensively reported.
1) The initial response to high osmotic conditions in Escherichia coli is the accumulation of K þ and glutamate.
2) The addition of proline or glycine betaine to K þ loaded cells elicits K þ efflux and glutamate depletion.
3) The subsequent response is accumulation of a large amount of compatible solutes through the respective solute transporters [4] [5] [6] if the medium contains them, and/or simultaneously synthesis of trehalose is initiated.
2)
Measures 7) first showed the osmoprotection ability of proline in E. coli, which has three independent proline transporters, PutP, ProP, and ProU. The PutP system, which is not regulated by external osmolarity, 8) is required for the transport of proline when it is used as a carbon or nitrogen source. In E. coli, first proline is oxidized to Á-1-pyrroline-5-carboxylate (P5C), and then P5C is converted to L-glutamate, the processes of which are carried out by proline dehydrogenase and P5C dehydrogenase respectively. 9) These two enzymatic activities are performed by a single multifunctional protein PutA encoded by the putA gene.
10) The ProP and ProU systems operate for the accumulation of both proline and glycine betaine to higher levels, which makes it possible for the cells to adapt to high osmotic conditions. 11) proP encodes a constitutive low affinity transporter system ProP, and its expression is stimulated several-fold during osmotic upshock. 11) ProP activity is stimulated by exogenous K þ in E. coli, and then proline and glycine betaine are accumulated efficiently. 12) But stimulation of K þ efflux in place of accumulating proline or glycine betaine from osmoadapting E. coli is not ProP specific. 12) proU encodes the high affinity transporter system ProU, 13) which is induced by elevated osmolarity. 14) Furthermore, induction of the proU gene is dependent on the accumulation of intracellular potassium ions. 13) Recovery of bacterial cellular activities such as cell division, transport, and respiration inhibited under high osmolarity is efficiently carried out by the utilization of compatible solutes. In our previous report, 6) we showed that proline is more effective at restoring respiration and glucose uptake in the presence of 1 M NaCl than glycine betaine or ectoine. But proline does not lead to cell y To whom correspondence should be addressed. Tel/Fax: +81-78-431-6342; E-mail: nagata@maritime.kobe-u.ac.jp proliferation, while the other osmotic solutes improve growth in the presence of 1 M NaCl. In this study, we found that proline combined with K þ has the effect of restoring the growth of E. coli K-12 in the presence of 1 M NaCl. We also examined the effect of K þ on the uptake of proline as well as the fate of proline in the cell under high osmotic conditions.
Materials and Methods
Organism and culture conditions. The E. coli K-12 IFO 3301 utilized in this study was pre-cultured in nutrient medium (pH 7.0) consisting of 5 g/l dry yeast extract D-3 (Nihon Pharmaceuticals, Tokyo, Japan), 10 g/l Polypepton (Nihon Pharmaceuticals) and 2 g/l NaCl. Cell growth was carried out by inoculating preculture (1%) into a modified Davis minimal medium (pH 7.5) that contained 50 mM Na 2 HPO 4 -NaH 2 PO 4 (NaP i ) buffer, 0.1 g/l MgSO 4 , 1.0 g/l (NH 4 ) 2 SO 4 , 0.5 g/l sodium citrate, and 10 mM glucose. Incubation was performed in 10 ml medium in a 30 ml flask with 120 strokes at 30 C (16 h). Glucose, proline, and KCl added to the medium were autoclaved separately. Growth was determined by measuring the turbidity at 600 nm (OD 600 ) using spectrophotometer DU 640 (Beckman Instruments, Fullerton, CA, U.S.A.).
Measurement of respiratory activity. Oxygen uptake by intact cells was measured by the conventional volumetric technique using an O 2 Up Tester (Taitec, Saitama, Japan) at 30 C. 6) The volumetric vessels contained 50 mM NaP i buffer (pH 7.0) and 50 mM glucose. The reaction in the above mixture containing a total volume of 4 ml was initiated by the addition of cells, of which the cell density (OD 600 ) was adjusted to 5.0. If necessary, NaCl and/or compatible solutes such as proline and/or KCl were added to the reaction mixture. Respiratory activities were expressed as ml of oxygen consumed per min per mg cell dry weight.
Determination of proline and K þ . To determine the uptake of proline and K þ by intact cells, we measured their disappearance from the incubation mixture, which contained 1 mM proline and/or 1 mM KCl in modified Davis minimal medium, pH 7.5. The reaction was initiated by the addition of the cells, the manipulation of which is described in the above legend (Measurement of respiratory activity section). If necessary, appropriate amounts of NaCl, proline, and/or KCl were added to the incubation mixture. At the same time, the amounts of proline and K þ in the medium were also measured as a function of incubation time. At designated time intervals, an appropriate volume of the incubation mixture was centrifuged at 12;000 Â g for 5 min to obtain a cellfree supernatant.
For measurement of free proline, a modification of the method of Whatmore et al. 15) was used: 0.5 ml supernatant after centrifugation was reacted with 0.5 ml 6% aqueous 5-sulphosalicylic acid, 0.5 ml acid ninhydrin, and 0.5 ml acetic acid at 100 C for 60 min. Acid ninhydrin was prepared by dissolving 1.25 g ninhydrin in 30 ml glacial acetic acid and 20 ml of 6 M H 3 PO 4 . Samples were then plunged into ice and mixed with 50% ethanol. Proline concentration was determined by measuring the absorbance at 520 nm using a Beckman DU 640 spectrophotometer. K þ concentration in the supernatant was measured by a compact ion meter, Cardy Ion C-131 (Horiba, Kyoto, Japan). The uptake of K þ was expressed as nmol of K þ that disappeared per min per mg cell dry weight.
Determination of glucose. To determine the uptake of glucose by intact cells, we measured the disappearance of glucose from the incubation mixture, which contained 50 mM Tris-HCl buffer (pH 7.0) and 10 mM glucose. 6) The reaction was initiated by the addition of the cells, the manipulation of which is described in the above legend (Measurement of respiratory activity section). If necessary, NaCl and/or the above-mentioned compatible solutes were added to the incubation mixture. At designated time intervals, an appropriate volume of the incubation mixture was centrifuged at 12;000 Â g for 5 min to obtain a cell-free supernatant. The glucose concentration in the supernatant was measured by a conventional glucose oxidase method using the Glucose B-Test Kit (Wako Pure Chemical Industries, Osaka, Japan). The uptake of glucose was expressed as nmol of glucose that disappeared per min per mg cell dry weight.
Uptake and incorporation of proline by intact cells. Uptake and incorporation of proline by whole cells were measured using L- [5- 3 H]proline (962 GBq/mmol; Amersham Pharmacia Biotech UK, Pollards Wood, UK) as a substrate. The cells grown in nutrient medium until late exponential phase of growth were harvested, washed twice, and re-suspended with modified Davis minimal medium. Uptake and incorporation of proline by intact cells was carried out aerobically at 30 C in a reaction medium which contained modified Davis minimal medium supplemented with appropriate amount of salt and 1 mM L-[
3 H]proline (9.62 KBq/mmol). The cell suspension (final concentration 0.289 mg dry weight/ml) was added to the reaction medium, except for L-[
3 H]proline, and then the reaction was initiated by the addition of L-[
3 H]proline. To determine the uptake of proline, 0.5 ml of the reaction mixture was filtrated through a GF/F glass microfibre filter (Whatman) at designated time intervals. The cells on the filter were washed twice with 3 ml of the reaction medium without labeled proline. The radioactivity remaining on the filters was determined with a liquid scintillation spectrometer (Tri-Carb 2001TR, Perkin Elmer, Wellesley, MA, U.S.A.). To determine the incorporation of L-[ 3 H]proline by intact cells, the method of Bobier et al. 16) was used with minor modifications. At designated time intervals, 0.5 ml of the reaction medium was injected into 0.5 ml of 10% trichloroacetic acid (TCA). The TCA treated mixture was heated at 90 C for 20 min, cooled, and filtrated through a GF/F glass microfiber filter. The precipitates on the filter were washed twice with 3 ml of 5% TCA. The radioactivity remaining on the filters was determined as described above.
Results and Discussion

Growth
The effect of NaCl on the growth of E. coli K-12 in a modified Davis minimal medium was examined (Fig. 1) . In the absence of NaCl, sufficient growth was observed. A decrease in growth yield as well as growth rate, however, was observed in the presence of 0.5 M NaCl, and at the same time we recognized the occurrence of a time lag in growth. In the presence of 1 M NaCl, no growth of strain K-12 occurred during at least 100 h of incubation.
The impaired growth of strain K-12, however, recovered remarkably to the normal level in growth yield in spite of the occurrence of a lag time when 1 mM proline was supplemented (Fig. 2) . This result suggests that proline plays an important role as a compatible solute under high concentrations of NaCl. The coexistence of K þ in addition to proline resulted in further enhancement of the recovery of growth at high osmolarity, as shown in Fig. 2 . That is, the addition of K þ led to relatively high growth yield and a shortening in the lag time in comparison with the presence of proline alone under the glucose-base condition. No independent effectiveness of K þ supplement on growth under high salinity was observed.
The present result is consistent with previous reports that proline was verified to be functional as a compatible solute in E. coli not only suspended in high concentrations of NaCl, 5, 6) but also grown in a medium with high salinity. The addition of K þ showed enhancement of the osmotic adaptation of strain K-12 under high salinity. But the independent effectiveness of K þ to multiply the cell itself under high salt conditions was not observed. In this regard, it appears to be an interesting topic to elucidate the relationship between the utilization of proline and K þ in strain K-12.
Uptake of proline and K þ
The uptake of proline and K þ as an instantaneous response of strain K-12 was examined as a function of external NaCl concentrations. Lower rates of proline uptake were observed not only in the absence of NaCl but also in the presence of 1 M NaCl, although the highest uptake rate of proline was observed in the presence of 0.5 M NaCl when cells were incubated for 60 min (data not shown). Taking the cell growth accompanied with the incubation time in the presence of 1 M NaCl into consideration, we examined the changes in proline uptake in the cells during 24 h of incubation. As shown in Fig. 3A , the amount of external proline gradually decreased with incubation time and reached almost zero at 24 h of incubation. The addition of K þ showed enhancement of the uptake of proline in cells, which was maintained during at least 5 h of incubation. The same was true for cells incubated under all salinity levels examined (0-1 M NaCl) (data not shown).
For K þ uptake by the cells, NaCl dose-dependent inhibition was examined for 60 min incubation. K þ uptake in the cells fell with an increase in NaCl concentration, i.e., the highest uptake of K þ was observed in the absence of NaCl (data not shown). In the presence of 1 M NaCl, external K þ decreased sharply The cells were grown at 30 C in modified Davis minimal medium containing 1 mM proline (squares), 1 mM KCl (triangles), and 1 mM each of proline and KCl (circles). Cell growth was determined by measuring OD 600 . The values are the averages AE standard deviations from three separate incubations. in 2 h of incubation, continued to decrease until 5 h, and then increased at 24 h, indicating that K þ accumulation followed by K þ efflux occurred (Fig. 3B ). The timing of K þ accumulation appeared to occur prior to that of proline. This observation is consistent with previous reports 2, 3) that accumulation of K þ and proline in cells are a primary and a secondary response for osmoadaptation in E. coli, respectively.
According to Houssin et al., 17) internal pH, proton motive force, and ATP pool in E. coli cells are not affected by osmotic upshock. Kashket 18) also reported only a slight decrease in proton motive force in E. coli with an increase in external osmolarity. Taking these reports into consideration, the uptake of proline and K þ appears to be dependent on the stimulation of transporters through sensing external osmolarity rather than on increase in proton motive force and/or ATP that energize transporters.
Since the co-existence of proline and K þ showed enhancement of the growth of strain K-12 under high osmolarity, the effect of K þ to proline uptake accompanied with cell growth was examined in this experiment. The uptake rate of proline was almost the same until 60 h of incubation, but it was stimulated by the presence of K þ at longer incubation times (Fig. 4) . The present result is consistent with the supplementary effect of proline on the growth of strain K-12, as shown in Fig. 2 . During the course of measurement of proline, shown in Fig. 4 , we also tried to follow the changes in K þ in the medium where K þ was gradually accumulated in cells accompanied with cell growth (data not shown). Proline uptake in strain K-12 accompanied by growth was recognized under high salinity regardless of the K þ -free condition (Fig. 4) , which is consistent with the results of proline uptake shown in Fig. 3A as well as with our previous report on proline accumulation during short-time incubation where the cells were suspended in buffer solution with proline. 6) K þ in the medium containing 1 M NaCl gradually accumulated in cells until 3-5 h incubation, as shown in Fig. 3B . But E. coli K-12 cells released part of the K þ in cells after 24 h of incubation (Fig. 3B) , although proline was completely accumulated in the cells (Fig. 3A) . It is of note that the present conditions, such as extremely high osmolarity, led to a slight delay in the primary and secondary responses for osmoadaptation of E. coli in comparison with those in the smaller extent of osmotic change. Furthermore, the addition of proline to K þ loaded cells elicited K þ efflux.
3)
Respiration and glucose uptake In relation to the growth described above, respiration of E. coli K-12 was examined as a function of external osmolarity. As shown in Fig. 5 , the respiratory activity C in modified Davis minimal medium containing 1 mM proline with (shadow bars) and without (white bars) 1 mM KCl. Uptake of proline (A) and K þ (B) was followed as a function of incubation time in the presence of 1 M NaCl, in which the final cell density was adjusted to OD 600 ¼ 0:5. The analytical method of external proline and K þ is described in ''Materials and Methods''. The values are the averages AE standard deviations from three separate incubations. of this strain was inhibited in the presence of 1 M NaCl. Inhibited respiration in terms of high external osmolarity recovered with the addition of proline at a final concentration of 1 mM. In the case of co-existence of proline and K þ , a slight stimulation of respiration was recognized. The supplement of K þ alone, however, did not bring about a significant alteration in activity, which is in good accordance with the growth shown in Fig. 2 . It is of interest to note that the length of the lag time for sufficient growth was also parallel with the extent of respiratory activity (data not shown).
Uptake of the respiratory substrate, glucose, was also followed as a function of external NaCl concentrations, taking the supplement effect of proline and K þ into consideration. As shown in Fig. 6 , almost the same result was obtained as with respiration, as described above. In the presence of 1 M NaCl, no uptake of glucose occurred in the absence of proline, but the addition of proline led to a slight improvement in glucose uptake rate.
Both activities of respiration and glucose uptake, which were inhibited by external high osmolarity, 17, 19) were restored through the accumulation of proline in the cytoplasm. These results are in good agreement with previous reports that compatible solute protected physiological activities such as respiration in E. coli cells under high salinity. 6) In addition, the present results on respiration and glucose uptake are consistent with that of cell growth, discussed above. Therefore, we conclude that the uptake of proline in the cell cytoplasm is a fundamental process for growth as well as respiration, and that K þ assists proline-activated respiration but has no effect when proline is absent.
Fate of proline in cells Using
3 H-labelled proline, the uptake of proline was directly examined in the absence and presence of 1 M NaCl. As shown in Fig. 7A , a significant level of proline uptake was not observed in any condition, but it was remarkably stimulated by the addition of K þ . Especially in the presence of 0.5 M NaCl, the uptake rate of proline showed an almost linear increase with incubation time (data not shown). These data strongly support the behavior of proline accumulation deduced from the disappearance of external proline, shown in Fig. 4 .
The fate of proline in the cells was traced by the incorporation experiment shown in Fig. 7B . From this figure, we can recognize that the higher portion of proline was incorporated in the absence of NaCl, which indicates that accumulated proline was utilized as a substrate for protein synthesis. It has been reported that the activity of proline dehydrogenase (PutA) to metabolize proline fell under high osmolarity, 20) which might support our present result. On the other hand, in the presence of NaCl, proline was little incorporated in the cells, suggesting that it was utilized as a compatible solute without metabolization, which is consistent with the non-metabolization of Lactobacillus acidophilus IFO 3532 in the presence of 0.5-1 M KCl or NaCl 21) and the non-growth of E. coli K-12 in the presence of proline with 1 M NaCl. 6) Uptake mechanism of proline and K þ In Fig. 8 , proline as well as the K þ uptake mechanism of E. coli K-12 is summarized under low and high salinities. In the former, proline accumulation might be carried out mainly by PutP and ProP systems among proline transporters, which is stimulated by K þ taken up The measurements of glucose uptake were initiated by the addition of the cells into modified Davis minimal medium with and without 1 M NaCl, and traced at 30 C. Glucose uptake rates were obtained in the absence (coarse shadow bars) or presence (white bars) of 1 mM proline, 1 mM KCl (shadow bars), and 1 mM each of proline and KCl (gray bars). The values are the averages AE standard deviations from three separate incubations.
through the Kdp and Trk systems. 22) On the other hand, glucose uptake through the phosphotransferase system (PTS) 19) was inhibited in the latter, and was improved by proline that was accumulated primarily through the ProP and ProU systems. The present observation indicates that the accumulation of compatible solutes such as proline in non-halophilic E. coli is indispensable for survival under severe conditions like high osmolarity. To clarify the osmotic sensitivity in proline transports of E. coli K-12 in more detail, further studies are essential using mutant strains which lack corresponding transporters. Effect of Proline and K þ on E. coli K-12
